We present the first study of parametric amplification in hydrogenated amorphous silicon waveguides. Broadband on/off amplification up to 26.5 dB at telecom wavelength is reported. An important goal in photonics is to realise high performance parametric amplifiers in integrated waveguide circuits. Ideally, this requires low loss waveguides manufactured in materials with high Kerr nonlinearity, operating in the telecommunication window, realized using a CMOS compatible fabrication platform. In this context crystalline silicon (c-Si) waveguides have been studied extensively. However their performance is limited by nonlinear absorption, resulting in wavelength conversion and parametric amplification gains limited to +5.2 dB and +4.2 dB respectively [1] in this wavelength range. In order to overcome this problem, a first possibility is to use a cladding layer with a high figure of merit [2, 3] (FOM is the ratio of the nonlinear response to the nonlinear absorption: FOM = Re[γ]/(4πIm[γ]) with γ the nonlinear parameter of the waveguide) but the required evanescent coupling implies stringent design constraints that precludes from good phase matching. A second approach is for the waveguide core itself to consist of a material with good FOM [4-6] but these realizations suffer either from lower linear and nonlinear refractive index or from incompatibility with CMOS fabrication. One can also step away from the telecommunication wavelength range and work above the c-Si two-photon absorption threshold wavelength of 2.2 µm [7] . While this approach effectively improves the FOM of the c-Si waveguides, the use for telecommunication applications is not straightforward. Silicon-on-insulator (SOI) waveguides with a hydrogenated amorphous silicon (a-Si:H) waveguide core are an alternative to the standard crystalline SOI high-index contrast waveguide platform. An appealing feature of this solution is that a-Si:H is deposited at relatively low temperatures and can thus be integrated on a finished CMOS wafer in the back-end. Recently, the nonlinear response of a-Si:H waveguides was studied [8, 9] and the measured FOM was no better (0.40-0.66) than that of c-Si waveguides (0.4-0.7 [10]). Building on our previous work on low-loss a-Si:H waveguides [11, 12] , we present in this paper engineered a-Si:H waveguides with a FOM of 2.1 ± 0.4 at telecommunication wavelengths. A similarly high FOM-value was reported in [13] in an amorphous silicon core fiber. The difference with previous work [8, 9] is presumably due to the fact that a-Si:H is a material with considerable freedom in the chemical structure. Therefore different fabrication procedures can give rise to different material properties. The high linear refractive index of a-Si:H allows high optical confinement, which not only enhances the nonlinear response of the waveguide but also allows for dispersion engineering. By carefully designing the dimensions of the a-Si:H waveguide it is possible to bring the dispersion of the waveguide into the anomalous regime, which allows for nonlinear effects such as soliton propagation and Modulation Instability (MI) [14] . In this paper we make use of the latter effect to construct a nonlinear parametric amplifier. The circuit is built in 220 nm thick hydrogenated amorphous silicon deposited on top of a 1950 nm thick polished high density silicon dioxide layer. The 220 nm thick a-Si:H film is deposited by plasma enhanced chemical vapor deposition. The film was formed using silane (SiH4) as a precursor gas along with helium (He) dilution. In order to achieve low-losses, we used a gas ratio (He/SiH4) of 9, and a plasma power of 180 Watts at a pressure of 2.6 Torr. These typical parameters were obtained from extensive process optimizations [11] . After forming the waveguide core layer, 500 nm wide photonic wires were patterned using CMOS fabrication technology [12] . The band gap of our a-Si:H films is measured using spectroscopic ellipsometry (in the 300-1600 nm range). The optical constants were extracted from a multilayer model using the Cody-Lorentz model [15] and 1
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• C for 1/2 hour restores the FOM to its initial value (and this can be done multiple times). This suggests that with proper further optimization of the asilicon material thermal excitation can compensate for photon-induced decay at moderate operating temperatures, possibly down to room temperature. All results reported in this paper are taken after a few hours of operation, when the properties of the waveguides change slowly, and without annealing the sample. We intend to report on the decay properties, for different temperatures, in more detail in a future publication. Parametric amplification occurs in waveguides with Kerr nonlinearity and anomalous dispersion. When the phase matching conditions are satisfied, a small signal detuned The experimental setup combinesan intense pump pulse with a signal pulse whose frequency and time delay can be adjusted. b) When the pump (· · · ) and signal (-) pulses are not synchronized, the signal is very small in comparison to the pump pulse. If both pulses are synchronized (−−), signal pulses are amplified by more than 20 dB and are converted into idler pulses. Note that the pump pulse is broadened spectrally due to self phase modulation, which in turn induces a broadening of the signal pulse. c) On/off gain as a function of peak power (∆). d) On/off gain (resp. frequency conversion efficiency) as a function of wavelength (+, resp. •).
from the pump frequency by a frequency difference Ω is exponentially amplified, while simultaneously an idler signal is created at detuning −Ω [14] . This process can be used both for signal amplification and frequency conversion. We studied parametric amplification in a-Si:H waveguide using a pump-probe experiment, see Fig. 1 . The pump was produced by a fiber laser emitting pulses at 1535 nm with a spectral width of 0.67 nm (FWHM), a duration of 3.8 ps (FWHM) at 10 MHz repetition rate. The peak power in the waveguide was adjusted from 0 to 5.3 W thanks to a variable attenuator. Signal pulses are obtained from the secondary output of the laser: they are spectrally broadened using the optical non linearities in an EDFA, and then selected by a 1.2 nm tunable passband filter to generate (signal) pulses at arbitrary wavelengths ranging from 1550 nm to 1590 nm. The coupled peak power of the signal was always kept below 100 µW. An optical delay line was used to synchronize or desynchronize the signal and the pulse. After passing polarization controllers the combined pump and signal were coupled into the waveguide. At the output of the waveguide, the light is sent to an optical spectrum analyzer. The parametric gain as a function of input pump power and signal wavelength was calculated after removing the effect of spontaneous MI. This was done by subtracting the MI spectrum when signal and pump are not synchronized from the output spectrum when they are synchronized. The on/off gain was calculated in a similar way as in [7] by integrating the power in the sideband caused by the amplification of the signal pulse. We obtained a maximum on/off gain of 26.5 dB and an on/off conversion efficiency of 27 dB for a signal at 1562 nm and an on-chip pump peak power of 5.3 W. Taking into account propagation losses, this corresponds to a net onchip amplification of 21.2 dB, resulting in enough gain to overcome the high incoupling and outcoupling losses, giving rise to 6.2 dB net off-chip amplification. The amplification as a function of the pump power at wavelength 1562 nm is plotted in Fig. 1 .c. This amplification is to be compared with the 4.2 dB on/off amplification that was observed in crystalline silicon waveguide structures [1] . Fig. 1 .d shows gain and conversion efficiency spectra for the peak pump power of 5.3 W. On/off gain in excess of 20 dB was observed in the band 1550-1570 nm, and on/off gain in excess of 10 dB was observed in the band 1550-1582 nm.
In the absence of a signal beam, the quasi-continuous nature of the pump pulse is broken by spontaneous MI [14] . The spectra when only the pump pulse travels through the a-Si:H waveguide are shown in Fig. 2 for various pump power levels. The bandwidth and strength of the MI sidebands increase with coupled peak input power, while the pump itself also broadens due to self phase modulation. Note that MI peak can be related to amplification by comparison with the spectral density in absence of MI. Spectral density at the MI-peak wavelength before a-Si:H chip is less than −80 dB/nm and experiences 20 dB fiber-to-fiber loss afterwards. Typical value of MI peak, above −70 dBm/nm, should thus be compared with background level below −100 dB/nm, giving an amplification significantly greater than 30 dB. The difference with the maximum gain reported in Fig. 1 .c is presumably that in the pump probe experiment, at maximum power, the pump starts to become depleted which limits the gain. In summary, CMOS compatible hydrogenated amorphous silicon waveguides provide on chip parametric amplification at telecommunication wavelengths. Optimisation of the fabrication process could lead to further increases in the nonlinear figure of merit.
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